The cleaning of water contaminated with organic dyes is a crucial problem nowadays. The search for good catalysts is intense, and bismuth tungstates have attracted a lot of attention because of their catalytic properties which are related to their crystal structure and morphology. In this study, we show that Bi 2 WO 6 (BWO) crystals synthesized by the surfactant-assisted hydrothermal method create a different morphology than non-assisted crystals. With the assistance of the PVP surfactant, even the BWO crystalline structure could change, crystallizing into a high-symmetry metastable phase. These changes in morphology imply a decrease in BWO catalytic activity, which shows that insightful control of BWO synthesis is necessary to improve the BWO properties.
Introduction
Contamination of river water is a major problem in modern society. In recent years, the effluent water contaminated with organic molecules is a great concern. Organic dyes are toxic, potentially carcinogenic, and not biodegradable, which can lead to serious environmental and animal health problems [1] . Moreover, these dyes directly affect the photosynthesis rate due to poor light penetration in aquatic systems, which can cause a decrease in oxygen content and result in fish death.
The advanced oxidation processes (AOP) is a potential alternative for the treatment of water contaminated with organic dyes [2] [3] [4] [5] . Combining irradiation with catalysts (oxides), both homogeneous (photo-Fenton process) [6] and heterogeneous [7, 8] catalysis, has attracted considerable attention due to efficient organic compound degradation [9] . In this approach, transition metal oxides have largely been studied [10] [11] [12] [13] [14] [15] , with titanium dioxide [5, 9] and other titanium doped oxides [15] [16] [17] [18] being some of the most investigated. Bismuth oxides and derivatives show enormous potential in remediating environments contaminated by organic or inorganic pollutants [19] [20] [21] .
In particular, tungstates, which constitute another class of metal oxides, are very promising for such applications [22] [23] [24] . In particular, bismuth tungstates have attracted attention in the research of nanostructured materials because of their applications as catalysts [25] [26] [27] [28] [29] . Bi 2 WO 6 (BWO) has an orthorhombic structure with P2 1 ab space group and belongs to the Aurivillius family of compounds. These compounds have a general formula of (Bi 2 O 2 ) 2 þ (A n À 1 B n O 3n À 1 ), where A represents a mono-, bi-, or these organic molecules show significant changes in the investigated properties. However, such changes, particularly changes in the photocatalytic properties, are still not well understood, especially when structural changes are involved. In this study, we describe the synthesis of the BWO crystal by the template method and correlate its properties with its structure and morphology.
Experimental details

Sample preparation
The samples were prepared using the surfactant-assisted hydrothermal method with ethylene glycol (EG) and poly(4-vinylpyridine) (PVP 60) as surfactants. In this method, 0.01 mol of sodium tungstate dihydrate [(Na 2 WO 4 Á 2H 2 O), 99% purity, Aldrich] and 0.02 mol of bismuth nitrate [Bi(NO 3 ) 3 , 99% purity, Aldrich] were added to 100 mL of each surfactant solution (5% EG and 5% PVP 60). This mixture was stirred for 10 min and the suspension was transferred into a Teflon autoclave, which was sealed and kept at 180°C for 12 h. Yellow crystals [Bi 2 WO 6 (BWO)] were obtained; the crystals were dried on a hot plate at 50°C for 8 h. Thus, two samples were obtained (corresponding to each surfactant) and labeled BWO-EG and BWO-PVP.
Crystal characterization
The crystalline structure was investigated by X-ray powder diffraction (XRPD) using a Rigaku-DMax/2500PC (Japan) with Cu-Kα radiation (λ¼ 1.5406 Å) in the 2θ range of 5°to 100°with a scanning rate of 0.02°/min. The crystals' shape and size were analyzed by field emission scanning electron microscopy (FEG-SEM) using a Carl Zeiss model Supra 35-VP (Germany) operated at 6 kV. Raman spectroscopy measurements were performed on a Horiba spectrometer model iHR550 coupled to an Olympus BX30 microscope. The Raman signal was excited by a He-Ne laser (λ ¼630 nm) and acquired in a backscattering configuration. The optical features of the spectrometer were setup to achieve a resolution of up to 2 cm Ultraviolet-visible (UV-vis) spectra were obtained using a Varian spectrophotometer model Cary 5G (USA) operating in the diffuse refection mode. All measurements were performed at room temperature.
Photocatalytic activity
The crystal's photocatalytic activities were evaluated by the degradation of rhodamine 6G (Rh 6G) under artificial solar-light. In a typical experiment, 0.1 g of photocatalyst was dispersed into 100 mL of Rh 6G solution (1 Â 10 À 5 mol/L). A 500 W Xe lamp was used to simulate solar-light irradiation. Illumination was conducted after the suspensions were stirred in the dark for 30 min to ensure the establishment of an adsorption-desorption equilibrium between the photocatalyst and dye. At certain time intervals, 5 mL of the suspension was taken from the vessel and centrifuged immediately. The filtrate was analyzed to measure the absorbance of Rh 6G at 553 nm using a double-beam UV-vis spectrophotometer (JASCO Modelo V-660, US).
Results and discussion
3.1. XRD patterns and Rietveld refinement analyses Fig. 1 shows the XRPD diffractograms obtained for BWO crystals based on both surfactants, EG and PVP. For the sake of comparison, the XRPD pattern of the conventional BWO single crystal, obtained by the hydrothermal method without surfactant, is also presented in Fig. 1 . Clearly, we successfully obtained BWO single crystals with both surfactants since the obtained samples exhibit XRPD patterns characteristic of crystalline BWO. For the conventional and EGbased sample (BWO-EG), diffraction peaks were indexed to the pure and the orthorhombic phase of BWO according to Joint Committee on Powder Diffraction Standards (JCPDS) card no. 39-0256 [37] . No impurity could be found under the limit of resolution used in the XRPD measurements.
However, we observed that peaks associated with the (120) and (040) crystallographic planes were absent in PVP-based BWO crystals, which indicates that this sample has a slightly different structure. Also, the peak associated to the (111) plane in this sample changes. Due to the small changes, the new structure is probably symmetry-related to the usual BWO P2 1 ab orthorhombic phase.
In addition, the diffraction peaks of the surfactant-based samples were broader than that without the surfactant, which implies that the particle size was reduced. The obtained crystals had nanometric sizes, which is usual when using this synthesis method. This assumption about the size will be confirmed later by microscopy measurements. Fig. 2 shows the refined diffractograms of the BWO-PVP and calcinated BWO-PVP samples. Both structures were refined using the orthorhombic crystal system, and the obtained structures belong to the B2cb and P2 1 ab space groups, respectively. The transition of BWO-PVP from B2cb to P2 1 ab space group after calcination is indicated by the presence of the (120), (040), and (111) reflections around 20-25°, which are more intense in the former space group. The P2 1 ab space group is usually observed at room temperature, while the B2cb is a higher symmetry phase observed at high pressures and temperatures [38, 39] . The B2cb structure occurs with the loss of octahedral tilt around the c axis in the WO 4 Table 1 Refined structural data for PVP-based (B2cb structure) and pure BWO crystals (P2 1 ab structure), respectively. perovskite-like layer. The B2cb structure has only one Bi and three O nonequivalent atoms, while the P2 1 ab structure has two Bi and six O nonequivalent atoms. Table 1 shows the bond distance for all nonequivalent atoms. Due to several bonds with different distances, the P2 1 ab structure is more distorted than B2cb.
FT-IR and Raman spectroscopy analyses
FT-IR and Raman spectra are shown in Fig. 3 (a) and (b). The BWO and BWO-EG samples both exhibit IR and Raman spectra typical of orthorhombic BWO crystals, confirming the XRPD result. In the Pca2 1 structure, according to the crystal site occupations, BWO crystals exhibit 105 optical modes. All of these modes are Raman-active (Γ Raman ¼26A 1 þ 27A 2 þ26B 1 þ 26B 2 in terms of the irreducible representations of the mm2 factor group) and 78 are IR-active (Γ IR ¼26A 1 þ26B 1 þ26B 2 ). These modes can be assigned into symmetric and asymmetric stretching and bending modes of the molecular WO 6 octahedra and the (Bi 2 O 2 ) 2 þ layer, as well as the Bi 3 þ and W 6 þ ion translations.
In FT-IR spectra ( Fig. 3(a) ), we observed both asymmetric and symmetric WO 6 stretching modes at around 820 and 750 cm À 1 .
The bands in the 480-620 cm À 1 region correspond to WO 6 bending vibrations, while the vibration modes at 320 cm À 1 are indicative of WO 6 bending. The low wavenumber modes (below 320 cm À 1 ) correspond to the (Bi 2 O 2 ) 2 þ bending modes [40, 41] . In the mid-IR range of the spectrum, all three samples have similar spectra because we are observing mainly the molecular modes.
Since we used KBr pellets, the precise positions of the phonons below 400 cm À 1 should be slightly distorted, so we discussed the phonons below this wavenumber only in terms of their ranges. Fig. 3(b) shows the Raman spectra of the samples. In BWO and BWO-PVP, we observed three well-defined modes (710, 800, and 830 cm À 1 ), which is attributed to the WO 6 asymmetric (710 and 830 cm À 1 ) and symmetric (800 cm À 1 ) stretching modes [41] . In the middle range of the spectra, from 250 to 400 cm , we observed Bi 3 þ ion translation [39] .
The BWO-PVP sample has a broad Raman spectrum. This feature originates from a structural phase transition induced by the surfactant presence during the synthesis. Thus, a metastable B2cb structure is induced since the Raman spectrum of this sample is characteristic of the phase [38, 41, 43] .
From the spectra, we observed 11 phonons in PVP-based BWO crystals from 140 to 850 cm . A detailed assignment of the observed phonons is shown in Table 2 , where we inserted the phonons symmetries in tetragonal phase for completeness. All spectra are in agreement with those obtained by Maczka et al. [43] including the broadening observed in BWO-PVP sample.
To show that the B2cb phase is induced by the PVP-assisted synthesis, we get a fraction of this sample, heat it up to 600°C for 4 h, and decrease the temperature slowly to permit the system to follow the most conventional low energetic phase. Fig. 4 shows the XRPD pattern and Raman spectra for a BWO-PVP sample before and after the thermal treatment. Pure BWO samples are showed for the sake of comparison. In Fig. 3(a) , the XRPD pattern of thermal treated BWO-PVP sample is similar to a conventional BWO sample, which suggests that after the thermal treatment the BWO-PVP sample stabilizes the P2 1 ab phase confirming the B2cb is a metastable phase. This assumption is strongly evidenced by the Raman spectroscopy seen in Fig. 4(b) , which is very sensible to local symmetries. The BWO-PVP Raman spectrum is undoubtedly characteristic of a P2 1 ab structure. Therefore, the B2cb exhibited by the BWO-PVP sample is metastable at room temperature and was induced by the PVP surfactant present during the hydrothermal synthesis. (Fig. 4(b) ), BWO PVP (Fig. 4(c) ) shows a mix of morphology rods-like and flower-like crystals.
Morphological evolution of the BWO nanostructures
The presence of a surfactant influences the BWO crystals microstructure. The crystal growth, which is guided by the highenergy surfaces, starts after the formation of the first crystallites. At this time, the PVP large chain surfactant molecule, which has been interacting with the ions (Bi 3 þ , WO 4 2 À ) since the micelles formation, leads to the rod formation, which is facilitated by the interaction of the electron pair of the pyridine group with the highest energy surfaces.
UV-vis diffuse reflectance spectroscopy
From the UV-vis spectra we can estimate the band gap (E g ) of BWO crystal using the Tauc equation [44] , in which the band gap E g is given by formula (αhv) ¼A(hv À E g ) n , where h is the Planck's constant, ν is the frequency, α is the absorption coefficient, and A is proportionality constant. The variable n can be 1/2, 3/2, 2, or 3 for allowed direct, forbidden direct, indirect allowed, and indirect forbidden transitions, respectively [45, 46] . The bandgap can be estimated with the Kubleka-Munk method, which calculates the absorption coefficient using the following formula, Asymmetric stretching of WO 6 (mainly apical Oxygens)
where R 1 is the reflectance, s is the scattering coefficient, k is the molar absorption coefficient, and F(R 1 ) is the Kubleka-Munk function. Thus, the vertical shaft can be converted to F(R 1 ), which is proportional to the absorption coefficient. Therefore, in the Tauc equation, α can be replaced by F(R 1 ) and produce an estimated value of E g using the following formula [F(
Using the Kubelka-Munk function (hνF(R 1 )), is possible to plot against the hv. The band gap can be obtained by extrapolating to zero the linear fit of the curve obtained ((hνF(R 1 )) n versus hv), which is often called Tauc extrapolation [47, 48] . According to the literature, BWO has an allowed direct transition [27, 49] . Fig. 6 shows the Tauc plots for all samples. We can observe the BWO band gap change with surfactant presence. While BWO-EG has a slightly reduced bandgap (3.06 eV) when compared to conventional BWO (3.17 eV), BWO-PVP crystals have a large bandgap (3.41 eV) when compared with conventional BWO crystals. The small E gap values can be related to the presence of intermediary energy levels within the band gap of BWO crystals. These energy levels are dependent on the structural order degree in the orthorhombic lattice. Thus, our results indicate that BWO-PVP presents large structural order degree when compared with the other samples. These observations are expected since a change structural derived from of P2 1 ab to B2cb symmetry was observed in the Raman spectra [38] .
Determining the band gaps is crucial since they are approximately the same energy required to promote electrons of the valence band to the conduction band. This promotion results in the formation of oxidizing species that are responsible for the catalysis process.
Photocatalytic activity
Kinetic studies using photocatalysis BWO samples were carried out applying the pseudo-first order, as expressed in equation (C/C 0 )¼kt, where C 0 and C are the initial and time t Rh 6G dye concentrations in the solution, respectively, and k is the rate constant generally used for this type of catalytic degradation process [49] . Fig. 7 shows the UV-vis spectra for the degradation of Rh 6B through the BWO samples. After approximately 120 min, we can observe that 95% of the dye was degraded. Moreover, there is a small shift of the absorption band to larger energies during the degradation. The band shift indicates the beginning of degradation. In the dye degradation process, electronic density donor groups are first removed creating a low donor concentration, which results in a band shift to higher energies. This result is in agreement with other previous works [10, 13] . Fig. 8 shows the decay curve for the Rh 6G dye degradation. The BWO conventional sample had more photocatalytic efficiency than the BWO-EG and BWO-PVP samples since they have slower degradation kinetics at 60 and 50% after 120 min of irradiation, respectively. While conventional BWO samples exhibit a catalysis rate constant (k) of 0.028 min , respectively. Although we got reduced-size particles, these changes were not sufficient for an improvement in the catalytic activity. These results are in agreement with the large band gap obtained for the BWO-PVP sample. High bandgap values make it difficult to promote valence band electrons to the conduction band forming e À / h þ pairs, which are responsible for the oxidizing species formation. This is consistent with the BWO sample having a greater kinetic degradation of Rh 6G dye when using irradiation of 370 nm (3.35 eV). However, the BWO-EG sample has a lower bandgap and also exhibited low catalytic activity. A possible explanation for this occurrence could be the greater recombination rate since this event decreases the amount of oxidizing species such as hydroxyl radicals, superoxides, and singlet oxygens, which are molecules responsible for dye degradation [13, [50] [51] [52] .
With the change in the symmetry of the compound, various defects were created. This assertion is consistent with the Rietveld refinement analyses since the structure obtained with PVP is distorted with elongated bindings, which result in a change of morphology. We proved that the B2cb symmetry, which had rod-like morphology, did not have a good catalytic activity proving the P2 1 ab symmetry is more appropriate, which is also reflected in a lower value band gap, 3.17 eV. Therefore, we emphasize that the change in morphology is a key factor for the catalytic activity, which is directly linked to the structural changes responsible for variations in band gap and catalytic sites.
To analyze the Rh 6G degradation mechanism, we added in catalytic reaction scavengers of oxidative species, such as isopropyl alcohol (IPA), benzoquinine (BQ), silver nitrate (AgNO 3 ), and sodium oxalate (NaC 2 O 4 ), which are responsible for the capture of
, e À , and h þ species in the solution, respectively [53] .
Furthermore, to confirm that the oxygen adsorbed on the catalyst surface is important in the catalytic process, the experiment was carried out under nitrogen atmosphere. Both results are shown in Fig. 9 . With the addition of isopropyl alcohol, the rate constant observed was approximately 0.020 min À 1 . However, when the benzoquinone was added, the rate constant was reduced to 0.0065 min À 1 . This value suggests that the responsible species for the dye oxidation is a superoxide radical. When the catalysis was carried out in nitrogen saturated solution, there was a reduction in the constant rate (Fig. 9b) . The same was observed with catalysis involving silver nitrate and sodium oxalate additions. This result shows the oxygen adsorbed on the BWO surface reacts with the valence band promoted electrons, which is responsible by the dye degradation. Therefore, this mechanism, which is described by the Eqs. (1)- (3), is schematically depicted in Fig. 10 .
Conclusions
We successfully obtained BWO nanocrystals by the PVP and EG surfactant-assisted hydrothermal method. Non-assisted BWO and PVP-assisted BWO crystals crystallized into the conventional orthorhombic P2 1 ab structure. The PVP-BWO sample crystallized in a metastable phase B2cb high-symmetry phase as observed by XRPD measurements and confirmed by Raman spectroscopy. Both samples have lower photocatalytic activity than non-assisted BWO crystals, which can be explained by the EG an PVP-based BWO crystals shapes. 9 . Effect of different scavengers on the degradation of Rh 6G in the presence of photocatalyst. a) Decay curve for Rh 6G degradation using scavengers. b) Degradation kinetics for Rh 6G using scavengers. Fig. 10 . Schematic illustration for processes of separation and transfer of photogenerated charge carriers in BWO for organic dye degradation simulated by light.
